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ABSTRACT 
 
The present work concerns the development of liposomal formulations that can 
adsorb to the human dental enamel. The overall aim of this pharmaceutical approach is to 
physically protect the teeth against detrimental processes, such as tooth wear, acidic 
challenges and dental caries. Adsorption experiments of different liposomal formulations 
to hydroxyapatite (HA), a model substance for the dental hard tissue, and the human dental 
enamel were performed.  
To find which liposomal formulations are promising for the adsorption to teeth, 
formulation factors important for the interaction were initially mapped by the use of 
experimental design and multivariate analysis (Paper I). The type of surface charge became 
the most significant factor for the adsorption process. Positively charged liposomes 
adsorbed better than the negatively charged liposomes to HA in phosphate buffer, pH 6.8-7. 
However, the adsorption of positively charged liposomes to HA in a salivary environment 
was interfered as they were found to aggregate with components of saliva (Paper II). 
To overcome problems related to the positively charged liposomes, the surface of 
the liposomes was modified with the polymer pectin. Three types of pectin were 
investigated for the surface coating of liposomes: LM-, HM- and amidated pectin (Paper 
III). Pectin coating of positively charged liposomes was successfully prepared, and a 
reproducible method was established. Pectin coated liposomes did not seem to interact 
with salivary components (Paper IV), and were therefore promising for use in the oral 
cavity. 
Pectin coated liposomes adsorbed to HA in saliva, and liposomes coated with LM-
and HM-pectin were selected for further investigation with the dental enamel (Paper IV). 
Both uncoated negatively charged liposomes and pectin coated liposomes adsorbed onto 
enamel specimens in a salivary environment (Paper IV), indicating their potential use in 
the protection of the teeth. The adsorption was examined by exposing a flow on the enamel 
surfaces for certain time intervals. Pectin coated liposomes seemed to retain better than 
uncoated negatively charged liposomes at longer time intervals. It was hypothesized that 
pectin may help to prolong the adhesion of liposomes on the tooth surfaces. 
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1. INTRODUCTION 
The most common public health problems worldwide are dental ailments 1. Dental 
problems can greatly impair an individual’s well-being and thereby have a major impact on 
the individual’s quality of life. Evidently, there is a need to implement preventive measures 
that can protect the teeth against detrimental processes such as tooth wear, acidic effects 
and dental caries. This thesis presents the development of pharmaceutical formulations, i.e. 
liposomes that can adsorb onto tooth surfaces, as a possible means for the physical 
protection of the dental enamel. The possibility of formulating liposomes of nanosize with 
the appropriate surface characteristics enables them to mimic the natural protective layer of 
the teeth; the acquired enamel pellicle. The concept of using liposomal formulations for 
their physical properties per se instead of their drug carrying capacity, as will be 
demonstrated here, has been scarcely investigated.  
 
1.1. Dental problems – prevention and treatment options 
Identification of the most common tooth related problems defines the background 
and the rationale for developing systems that can protect teeth and reduce the subsequent 
dental ailments. Knowledge of the available prevention and/or treatment procedures for 
these problems may also reveal the inadequacies related to the present methods. In this 
regard, present treatment options that require professional intervention will not be 
considered here. 
Dental enamel is the outmost mineralized tissue that covers the crown of the tooth. 
It is this surface of the teeth that is in constant interactions with components of the oral 
cavity in normal in vivo conditions. In order to understand the behavior of the dental 
enamel in the oral environment, important surface characteristics must be known. 
 
1.1.1. Human dental enamel – physicochemical parameters 
Approximately 96% (by weight) of the human dental enamel is composed of 
inorganic substance, the remainder being organic material and water. Because the enamel 
is highly mineralized, it is the hardest substance in the human body and, consequently, has 
INTRODUCTION 
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high resistance to both shearing and impact forces. This enable the teeth to withstand the 
mechanical forces applied during normal tooth functioning. This hardness also makes the 
enamel brittle. However, the enamel can withstand fracture due to high modulus of 
elasticity in combination with the resilient support of the underlying tissue, i.e. the dentine 
2.  
The inorganic content of enamel consists of crystalline calcium phosphate, also 
known as hydroxyapatite (Ca10(PO4)6(OH)2; HA). Ionic exchange can occur between the 
enamel and the environment of the oral cavity. Hydroxyl ions may be substituted by 
fluoride in the crystalline lattice, leading to a more stable and resistant structure against 
acidic dissolution. This ability is important considering the beneficial effects of fluoride in 
the remineralization of the dental enamel 3. 
The enamel surface is subjected to changes depending on the pH and ionic content 
of the surrounding medium. For instance, the pH affects the solubility of the enamel 
surface. At low pH (acidic conditions), the surrounding environment is unsaturated with 
respect to HA, and the mineral will tend to dissolve to reestablish the saturated condition 4. 
This makes pH the driving force for the de- and remineralization processes at the enamel 
surface. However, the presence of fluorides in the surrounding medium strongly influences 
the pH at which the surrounding medium is unsaturated. The presence of fluorides lowers 
the critical pH for unsaturation and is, thus, probably one of the most successful factors in 
caries prevention. 
At neutral pH, the enamel exhibits about 90% phosphate and about 10% calcium 
ions at the surface 5, 6. This means that the enamel expose both cations and anions at the 
solid surface. In the salivary environment of the oral cavity, a hydration layer is formed at 
the enamel surface. Since the enamel exhibits mainly negative phosphate groups at the 
surface, the hydration layer comprises mostly of attached calcium ions, acting as 
counterions to the phosphate ions of the enamel. Thus, possessing both phosphate and 
calcium sites at the enamel surface, the enamel has affinity to both acidic and basic 
substances. The zeta potential of human enamel has been estimated to be about -9 mV at 
neutral pH 7. Apart from pH, the presence of calcium and phosphate in the surrounding 
environment also influences the zeta potential 8.  
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1.1.2. Dental caries 
The most prevalent and widespread dental problem today is caries. Although it has 
been observed a decline in dental caries in industrialized countries in the last two decades 
due to the effective use of fluoride and improved self-care practices, dental caries still 
remain a major oral health problem 9-12. Additionally, there is an increased tendency of 
caries-related problems in developing countries. A growing consumption of sugars 
together with an inadequate exposure to fluorides are thought to be the main causes 1.  
Dental caries is characterized by the loss of enamel substance due to the 
demineralizing effects of organic acids (e.g. lactic acid) produced by bacteria in dental 
plaque. Acid production stem from the metabolism of simple dietary sugars, most notably 
glucose and sucrose, by cariogenic bacteria such as streptococci, lactobacilli and 
actinomycetes 13. Since caries develops slowly in most cases, and restorative treatment has 
a tendency of short durability due to recurrent caries, more emphasis has been laid on the 
prevention of caries management 14. For self-administered care, fluoride toothpaste has 
proven to be the most effective caries preventive approach. Fluoride can also be delivered 
in other forms such as gels, lozenges, varnishes or mouth rinses. To maintain a constant 
level of fluoride in the oral cavity, new formulations for sustained release of fluoride have 
been developed, e.g. new intra-oral devices such as bioadhesive tablets 15, 16. Other 
common self-care preventive measures of dental caries are mechanical plaque removal (e.g. 
tooth brushing) and antimicrobial therapy (e.g. chlorhexidine mouth rinses).  
It should be emphasized that although with improved oral hygiene, synchronously 
well-functioning saliva secretion is of major importance for an optimal prophylactic effect, 
especially in the early phase of caries lesion development. Saliva secretion offers 
continuous protection in its ability to clear cariogenic food substances, neutralize and 
dilute organic acids produced by plaque bacteria and detoxify or kill bacteria by its 
antibacterial components 17, 18. Moreover, the ability to regulate demineralization and 
remineralization processes by virtue helps to prevent further hard tissue loss by means of 
caries processes and tooth wear. This should be borne in mind for patients with salivary 
hypofunction. Many patients suffer from xerostomia, also known as dry mouth, due to e.g. 
the side-effects of medical treatment, radiotherapy for cancer treatment in the head and 
neck region, and certain systemic diseases such as Sjøgren’s syndrome 19-21. Although 
xerostomia does not directly influence the teeth, the lack of salivary protective functions 
may lead to adverse oral implications that affect the health of teeth 22. 
INTRODUCTION 
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1.1.3. Tooth wear 
Tooth wear is a general term used to describe the process of non-carious enamel 
and dentin loss, i.e. not involving bacteria 23. There are two distinct mechanisms of tooth 
wear; those of chemical origin (erosion) and those of physical origin (abrasion and 
attrition). The mechanical removal of dental hard tissue by abrasion is defined by a foreign 
material in repeated contact with the teeth, whereas attrition is caused by the direct contact 
between teeth without any foreign substance intervening 24. Typical causes of abrasion are 
the ingestion of abrasive foods or excessive use of oral hygiene products (e.g. tooth 
brushing and dentifrices with abrasives), whereas the action of mastication or bruxism 
(pathologically intensified chewing) itself can be a cause of attrition. Tooth erosion is the 
loss of dental hard tissue following chemical dissolution by acid where the acid source is 
not derived from oral bacteria. Erosion may be caused by either intrinsic (e.g. gastric acid 
in medical conditions such as gastro esophageal reflux disease or eating disorders) or 
extrinsic (e.g. dietary such as acidic beverages) factors 25. Erosive demineralization softens 
the enamel so that the tooth surface is more vulnerable to mechanical impacts, thereby able 
to enhance physical wear 26.  
The prevention and control of tooth erosion rely on the early recognition of enamel 
loss in combination with other signs associated with the aetiological factors 25. Decreased 
salivary flow, excessive oral hygiene, behavioral factors such as eating and drinking habits, 
especially the frequent ingestion of acidic foods and beverages, are predisposing factors for 
erosive tooth wear 27. Saliva hypofunction and/or the absence of dental pellicle can make 
individuals more susceptible to erosion or aggravate erosive lesions 27. Methods to enhance 
salivary flow (e.g. chewing sugar-free gum, saliva substitutes) and strengthen the enamel 
by the delivery of fluoride have proven useful in the prevention and control of tooth 
erosion as well as in dental caries 28.  
In the clinics, tooth wear mostly is observed as combined results of erosive effects 
(acid softening the hard tissues) and mechanical forces (abrasion) easily removing the 
softened enamel. Tooth wear, therefore, presents a multifactorial process and often occurs 
as a result of the simultaneous and/or synergistic action of the wear mechanisms. 
Compared to dental caries, the concern of tooth wear is relatively recent. For the past 
twenty years, there has been an increased attention in tooth wear, in particular erosion, due 
to changes in life style, often associated with increased consumption of acidic foods and 
drinks 29. Several studies on the prevalence of tooth wear show that there is a tendency to 
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develop more wear with age 30-32. Along with the increased human longevity and that tooth 
wear is a cumulative life time process, there is clearly a need to protect the dentition 
against the progression of wear in the management of long-term oral health care.  
 
1.2. The oral environment – from a pharmaceutical viewpoint 
The local treatment of tissues in the oral cavity (Fig. 1), e.g. of teeth, is challenging 
due to the complex and dynamic intraoral environment.  
 
  
 
Fig. 1: The oral cavity consists of various structures; lips, buccal mucosa, tongue, teeth, gingiva and palate, 
representing both soft and hard tissues. 
 
The oral surfaces are continuously bathed in a fluid, an intricate mixture of oral bacteria, 
leukocytes, desquamated epithelial cells, food debris, salivary secretions and crevicular 
fluid. This oral fluid is often termed whole saliva or mixed saliva. Because saliva is the 
main transporting vehicle within the oral environment, the salivary interaction of 
exogenous materials is unavoidable. This is an important aspect for the delivery of 
pharmaceuticals into the oral cavity as they will be influenced by saliva. Salivary clearance 
is beneficial for oral health since it can rapidly remove or reduce the concentration of both 
oral (e.g. desquamated cells) and exogenous, often harmful, substances (e.g. pathogenic 
bacteria/viruses, sugars and acids) 33. Despite the advantages, the flushing action of saliva 
also clears away protective substances that are externally introduced, such as fluoride and 
other drugs. From a therapeutically point of view in the oral cavity, a slow or delayed 
clearance of the drug agents is highly preferable. 
The healthy oral cavity is normally colonized by microorganisms like fungi, viruses 
and a tremendous high number of bacteria 34. It has been estimated that over 700 bacterial 
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species reside in the oral cavity; some may be pathogenic, other may be beneficial for the 
host 35. The oral bacteria can co-exist in complex populations in biofilms, rendering the 
microbial community increased protection and resistance. Formation of a biofilm on the 
tooth surface is known as dental plaque and is the primary cause of caries and other oral 
diseases 36. Beside from adhering to the oral surfaces, oral bacteria may potentially attach 
to other substrates, e.g. therapeutic components, and interfere with their purpose in the oral 
cavity.  
Anyway, foods and drinks, the salivary action and the diverse microbial flora all 
lead to a very harsh and hostile oral environment to foreign materials such as 
pharmaceutical formulations for dental applications. Furthermore, the environment in the 
oral cavity undergoes substantial changes due to fluctuations in the salivary secretions; the 
individual’s eating and drinking behavior in combination with the overall state of health, 
time of day and physical activity. One way to endure and persist in the oral environment is 
to avoid the cleansing action of saliva by the development of bioadhesive formulations. 
Knowledge of saliva’s role to maintain oral homeostasis can help to design an appropriate 
formulation that can overcome the obstacles present in the oral cavity.   
 
1.2.1. Salivary variables 
Saliva represents the immediate environment of the teeth, thus, influencing the 
properties of the solid surface of the teeth. Human saliva is mainly produced from three 
major paired glands; the parotid, the sublingual and the submandibular glands. Secretions 
from these glands differ in composition and their relative contributions in whole saliva 
may vary according to the degree or nature of stimulation. The secretion of saliva is 
exclusively under the control of the autonomic nervous system, in particular 
parasympathetic stimulation. The parotid and submandibular glands do not secrete saliva 
spontaneously, their secretion is entirely nerve-mediated and stimulation dependent 37. 
A precise account of the composition of saliva is difficult, because it is highly 
variable depending on a number of factors, including the type of gland, time of the day, the 
flow rate, the nature and duration of stimulation. Variation of the composition of saliva 
occurs also between different sites in the mouth as well as between individuals. Secretions 
from the parotid gland are more serous in nature, whereas those from submandibular and 
sublingual glands are viscous due to their glycoprotein content 17. The continuous secretion 
of saliva exhibits a circadian rhythm with flow rate peaking in the afternoon and very low 
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levels during sleep 38. The normal unstimulated flow rate of whole saliva is estimated to be 
0.2-0.4 ml/min (resting saliva), whereas in a stimulated state the flow rate may increase to 
2-5 ml/min 39. It should be emphasized that these averaged values have a wide range within 
normality. Because of saliva’s many variables, the total volume of saliva secreted per day 
has been much disputed; however, the range of 0.5-1.5 l/day covers the most values that 
have been reported in the literature. 
Saliva contains over 99% water, the remaining small quantity is divided into 
organic (carbohydrates, lipids and proteins) and inorganic constituents (sodium, potassium, 
calcium, magnesium, hydrogen carbonate, phosphate, chloride and fluoride) 37. Of the 
inorganic fraction in saliva, calcium and phosphate are of particular importance to teeth 
because they are supersaturated with respect to the dental enamel 40. Although the range 
may vary widely, typical concentrations of calcium and phosphate in whole saliva are 1.4 
mmol/l and 6 mmol/l, respectively, in unstimulated saliva, and 1.7 mmol/l and 4 mmol/l, 
respectively, in stimulated saliva 17, 37. The supersaturation of these electrolytes helps to 
prevent the dissolution of the enamel surface and facilitates the remineralization of dental 
enamel after acidic challenges. By providing a reparative and stabilizing environment at 
the enamel surface, saliva is of major importance to maintain the integrity of the dental 
enamel. 
Another important electrolyte involved in saliva’s functions is hydrogen carbonate. 
The resting pH of whole saliva is in the range 6.7-7.4 17. After consumption of foods or 
drinks containing fermentable carbohydrates, acid is produced by bacteria and the pH of 
the local environment within the oral cavity decrease. When the pH drops below the 
critical pH of the enamel (pH ~ 4.5-5.5), demineralization of the teeth may take place 4. 
The rate of recovery to normal pH values is largely dependent on the increase of the 
hydrogen carbonate concentration, thus contributing to the buffering capacity of saliva, 
especially at high salivary flow rates 41.  
The large array of proteins constitutes the most important organic fraction of saliva 
as they are responsible for saliva’s many physiological roles. The total protein content of 
stimulated whole saliva has been reported to be in the range 2.4-3 g/l 17, 42. The functions of 
saliva can be regarded as three-sided; directed towards teeth (tissue coating and protection), 
food (alimentation) and microbes (regulation of the oral flora) 43. Proline-rich proteins 
(PRPs) and statherin exert the protective role of saliva by binding to calcium and inhibiting 
spontaneous precipitation of calcium phosphate salts on teeth 44. They can also selectively 
promote adhesion of some bacteria to tooth surfaces 45. Lubrication of oral surfaces by 
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saliva is thought to be attributed to the viscoelastic nature of mucins. The digestive 
function is accomplished by the enzymes amylase, lipase and protease, while the 
antibacterial activity of saliva is ascribed to immunoglobulins, lactoferrin, and the 
antimicrobial enzymes lysozyme and lactoperoxidase 43. Many of these proteins are 
multifunctional 46. Mucins have antibacterial effects in concert with other factors in saliva. 
Together with PRPs and statherin, they have high affinity to enamel hydroxyapatite and 
can inhibit demineralization of the enamel by selective adsorption to tooth surfaces 
contributing to the formation of the acquired enamel pellicle 47. Thus, the protection of the 
oral cavity by saliva is established in several ways (Fig. 2). 
 
Fig. 2: Some of the protective mechanisms of saliva. 
 
1.2.2. The acquired enamel pellicle 
Saliva is rarely in direct contact with the teeth because of a thin layer of salivary 
origin, the acquired enamel pellicle, covering the tooth enamel surfaces. The term was first 
used by Dawes et al. in 1963 48. Since then, numerous papers have given evidence for its 
formation by selective adsorption of salivary proteins on the enamel surface 49-52. More 
recently, owing to advances in proteomics, the peptides and proteins components of the 
pellicle have been identified 53-56. The acquired enamel pellicle is formed quickly after 
tooth eruption into the oral cavity or on tooth surfaces exposed to saliva after a thorough 
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cleansing procedure. The formation of the pellicle has been described to proceed in two 
stages 57. The first stage constitutes the initial formation of an organic covering by the 
adsorption of discrete proteins. This occurs within minutes. The pellicle maturates into the 
second stage when the proteins are assembled into globular micelle-like structures, and as 
such adsorbed to the enamel surfaces increasing the pellicle thickness. The growth of the 
pellicle reaches a maximum after 30 minutes and can be up to 1.0 µm thick 58. The 
previously mentioned selective adsorption of salivary proteins to enamel surfaces are now 
merely interpreted as adsorption of salivary structures selectively aggregated into micelle-
like globules. 
 The proteins involved in the micelle-like globules are generally phosphoproteins 
with amphiphilic character, thus having the ability to associate into micellar structures with 
high affinity to the dental enamel 59-61. Rykke et al. 59, 62 determined the mean particle size 
of these protein globules and demonstrated an overall net negative charge at the surface of 
the globules. The particle size was in the size range 100-500 nm with zeta potential of 
about -9 mV at physiological pH (pH ~ 7.8). The negative surface charge of these particles 
enabled electrostatic interactions with the enamel surface. It was also demonstrated that 
calcium was important to maintain the integrity of these structures. 
The pellicle layer on the teeth has been thought to have protective functions by 
several mechanisms. The pellicle serves as a lubricant between teeth and other oral 
structures, thus preventing tooth wear 63, 64. The influence of the salivary pellicle on 
erosion, i.e. direct acid attack, has been demonstrated by Hannig and Balz 65, 66 and more 
recent by Hara et al 67. The pellicle was shown to be protective against mild erosive 
challenges, thus, limiting the damaging effects of erosion in the mouth. The pellicle also 
acts as a barrier, modifying acid diffusion and the exchange of calcium and phosphate at 
the enamel surface. This can prevent demineralization and facilitate remineralization 68.  
Pellicle components can mediate non-specific and selective bacterial adhesion and 
initial plaque formation, and also affect the attachment of cariogenic microorganisms to the 
enamel 69-71. A recent study reported that adherent bacteria were present in the initial 
pellicle and suggested that the pellicle should be classified mainly as a proteinaceous layer 
with a considerable number of adherent bacteria, instead of a proteinaceous film free of 
bacteria as previously thought 72. Thus, the pellicle layer may provide a base for the 
subsequent development of dental plaque (Fig. 3).  
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Fig. 3: A schematic illustration of the in vivo layers on the enamel surface. 
 
As a second layer on the tooth surface, dental plaque can further separate the enamel 
surface from bulk saliva and may limit the ability of saliva to exert its protective effect. 
Thus, the fate of the enamel is driven by the interactions between saliva, salivary pellicle, 
dental plaque (oral biofilm) and the enamel surface 73.  
It appears that the salivary pellicle participates in all interfacial actions taking place 
in the oral cavity, including adsorption phenomena onto enamel surface. This means that 
adsorption by a pharmaceutical formulation for a protective function on the tooth surface is 
strictly not on the enamel, but on a pellicle-covered enamel in normal in vivo conditions. 
However, in situations where saliva secretion is greatly reduced, there may be insufficient 
or even incomplete or totally absent pellicle coating on the tooth surfaces. Following the 
tooth protection by the pellicle, developing formulations that can mimic and substitute, or 
be a part of the pellicle layer may offer advantages in cases where this protective coating is 
lost.  
 
1.3. The potential of liposomes for protection of the dental enamel 
Recently, nanotechnology and the use of biomimetic nanomaterials have been 
proposed as new strategies for the prevention and treatment in dentistry 74, 75. Liposomes 
are biocompatible nanoparticles that offer innumerable possibilities in that they can be 
easily designed and tailored to suit a specific application. The use of liposomes for the 
delivery of drugs to the oral mucosa to treat oral ulcers, has been studied 76-79. The 
adsorption of various liposomal formulations to oral bacteria and biofilms has been 
reported by Jones and coworkers 80-82. They investigated the concept of using liposomes 
for the delivery of antimicrobial agents, such as Triclosan and chlorhexidine, and found 
that liposomes could be used to target oral bacteria. These studies demonstrate the potential 
use of liposomes in the intraoral environment. 
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Liposomes can be formulated in an attempt to overcome common problems 
associated with drug therapy in the oral cavity, such as salivary clearance and the non-
uniform distribution within the oral cavity 83-85. Liposomes can be formulated to have high 
affinity to the dental enamel to obtain direct targeting to teeth. To minimize salivary 
clearance, the liposomes should also be able to retain on the dental enamel (bioadhesive 
liposomes). This may reduce the frequency of administration. Liposomal preparations are 
easy to self-administer into the oral cavity and most likely impose little discomfort. All 
these factors may lead to increased patient compliance. 
 
1.3.1. Liposomes -  formulation aspects  
In the simplest form, liposomes are nanosize vesicles comprising of phospholipid 
bilayers of natural or synthetic origin. The lipid molecules, each of which typically consists 
of a hydrophilic headgroup and two hydrophobic hydrocarbon tails, spontaneously self-
assemble in the presence of aqueous environment (Fig. 4). Hence, hydrophilic molecules 
can be entrapped in the aqueous core, while lipophilic molecules can be incorporated in the 
lipid bilayer. The amphipathic nature enables liposomes to carry drug molecules of 
different properties to the site of action as well as to protect them against degradation 
mechanisms, e.g. metabolism or inactivation, in the human body. The physicochemical 
properties of liposomes i.e. surface charge, hydrophobicity, particle size, bilayer rigidity 
and the packing of the lipid bilayers are important factors for their stability in vivo as well 
as in vitro. For example, the alkyl-chain length and degree of saturation play a major role 
in the rigidity and permeability of the bilayer as well as the chemical stability of the 
liposomes 86. In vivo toxic effects of positively charged liposomes have been reported; the 
toxicity dependent on the concentration and charge density of the cationic lipid 87. 
Therefore, to develop liposomes for a specific application, formulation factors should be 
studied initially, to find which factors are important and suitable for the intended purpose. 
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Fig. 4: The formation of liposomes. 
 
Physical stability is one of the major hurdles encountered with liposomal 
preparations. Processes such as aggregation and precipitation, fusion and drug leakage may 
hamper the pharmaceutical development of liposomes 86. Coating liposomes with natural 
polymers may improve the liposomal stability. Polysaccharides are attractive polymers for 
surface coating because of their availability and low cost, biodegradability, low toxicity, 
preventing binding of plasma proteins, and interaction in biological recognition processes 
through specific entities 88. Many polysaccharides have been studied such as amylopectin, 
chitosan, dextran, mannan and pullulan 89-91. These investigations show that the polymers 
are able to interact and strongly adhere to the liposomal membrane thereby execute their 
intended function. Furthermore, most natural polysaccharides have hydrophilic groups, 
such as hydroxyl and carboxyl groups, which can form non-covalent bonds with biological 
surfaces. The attachment of a macromolecule onto biological tissues is called bioadhesion. 
Bioadhesion onto mucosal membranes, i.e. mucoadhesion, has been extensively 
investigated to prolong the retention time of drug delivery systems and thereby improve 
drug bioavailability 92. Liposomes coupled with bioadhesive polysaccharides can function 
as bioadhesive drug delivery systems. Pectin, which is a mucoadhesive polysaccharide 93, 94, 
has recently been investigated for coating onto liposomes to improve drug delivery through 
the gastrointestinal tract 95. Bioadhesive liposomes may also be popular for local use in the 
oral cavity 84. This is due to the rapid elimination of drugs owing to the flushing action of 
saliva. In this regard, liposomes that are bioadhesive against enamel surfaces of the teeth 
may offer potential in dental applications.  
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1.3.2. Physical protection of the dental enamel 
The protection of the dental enamel against detrimental processes, such as dental 
caries and tooth wear, can occur by two principles: chemical and/or physical protection. 
The use of liposomes can potentially contribute to both types of protection. Liposomes 
may chemically protect the teeth by functioning as carriers for a variety of 
pharmacologically active substances (dental drug delivery systems). Depending on which 
type of drug is delivered, liposomal formulations may be used for prophylaxis (e.g. 
fluoride) or for therapeutic treatment (e.g. chlorhexidine). Targeting the delivery systems 
directly to the enamel for treatment of dental problems may increase the pharmacological 
effect of the encapsulated drug and reduce unfavorable side effects. However, in order to 
target and improve liposomal performance, the liposomes need to be physically adsorbed 
onto teeth prior to action. The adsorption of liposomes onto teeth per se may function as a 
protective layer for the enamel. 
In normal in vivo conditions, salivary proteins, by forming the acquired enamel 
pellicle on the enamel surfaces, provide the natural protection from both chemical and 
mechanical challenges to the tooth surface. In conditions where there is a lack or reduced 
secretion of saliva, this physical layer on the teeth can be incomplete or totally lost or the 
protection is insufficient, increasing tooth wear and dental caries. To improve the oral 
health of affected individuals, liposomes can be formulated similar to the protein globules 
of the salivary pellicle, for adsorption to teeth where they can mimic, substitute or be a part 
of the natural pellicle layer. Thus, through the adsorption of liposomes, the mechanical 
protection of the teeth is exhibited. A liposomal covering on the dental enamel may reduce 
the frequency of contact with acids, increase the resistance of the dentition and thereby 
reduce tooth wear processes. Furthermore, the liposome layer may change the basis for 
bacterial accumulation of plaque bacteria on the tooth surface, thereby influencing the 
development of dental caries.  
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2. AIM OF THE THESIS 
 
The overall aim of this thesis was to develop liposomal formulations that can adsorb to the 
human dental enamel, and thereby physically protect the teeth against tooth wear and 
dental caries.  
 
The specific objectives in the investigations were: 
 
 To prepare liposomes with different characteristics and to study the surface 
coating of liposomes by different types of the polymer pectin (Paper I and III). 
 
 To find which liposomal formulation factors are important for the adsorption of 
liposomes onto the dental enamel by using the model substance hydroxyapatite 
(HA) and phosphate buffer, pH 6.8 - 7.0 (Paper I). 
 
 To examine the interactions between liposomal formulations and components of 
the saliva (Paper II and IV). 
  
 To evaluate the bioadhesion of selected liposomal formulations to the dental 
enamel in a salivary environment (Paper II and IV). 
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3. SUMMARY OF PAPERS  (I-IV) 
 
PAPER I:  
The aim of this study was to find the most promising liposomal formulation for the in vitro 
adsorption to teeth. Formulation factors important for the interaction between liposomes 
and hydroxyapatite (HA), a model substance for the dental enamel, were mapped. 
Experimental design was employed for a systematic approach and multivariate analysis 
was used to evaluate the results. The type of charge on the liposomes (positive, negative), 
the type of main phospholipid (egg-PC, DMPC, DPPC), the type (diacyl-TAP, -ethylPC, -
PA, -PG, -PS) and amount of charged lipid (2.5 and 10 mol%), and the inclusion of 
cholesterol were variables investigated. The type of charge became the most significant 
factor. Positively charged liposomes adsorbed better than negatively charged liposomes to 
HA in phosphate buffer, pH 6.8-7. Positively charged liposomes with DPPC as the main 
lipid were most stable during storage. Based on the results, formulations based on 
positively charged DPPC liposomes with 10 mol% charged lipid included seemed most 
promising for targeting to the teeth. 
 
PAPER II:  
To simulate oral-like conditions and examine the influence of saliva on the interaction 
between liposomes and HA, phosphate buffer was replaced by parotid saliva as adsorption 
medium in this study. Precipitation was observed in samples containing positively charged 
liposomes (DPPC/DPTAP) and parotid saliva as the only components. Turbidimetric 
measurements of mixtures liposomes-parotid saliva were employed to study this 
interaction. DPPC/DPTAP-parotid saliva resulted in very turbid sample, which precipitated 
and phase separated after about 30 min. In contrast, the turbidity of negatively charged 
liposomes was dependent on the nature of the charged lipid. DPPC/DPPG liposomes in 
parotid saliva were very turbid at a constant level, while DPPC/DPPA in parotid saliva 
exhibited low turbidity. The addition of pyrophosphate, a calcium sequestering agent, to 
the liposomes-parotid saliva mixtures, rendered a great fall in the turbidity of samples with 
DPPC/DPPG-liposomes, while only a small reduction was observed for samples with 
DPPC/DPTAP-liposomes. This indicated that calcium may play a role in the interaction 
between negatively charged DPPC/DPPG-liposomes and parotid saliva. 
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Negatively charged DPPC/DPPA liposomes were found most suitable for use in the oral 
cavity as they were not observed to react with components of parotid saliva. 
 
PAPER III: 
This study investigated the surface coating of liposomes by three types of the polymer 
pectin; LM-, HM- and amidated pectin, each in two concentration levels (0.05 and 0.2 
w/w %). The purpose of preparing pectin coated liposomes was to possibly improve the 
bioadhesion of liposomes to the dental enamel. Characterization of uncoated and pectin 
coated liposomes were based on particle size determinations and zeta potential 
measurements. The pectin coating on positively charged liposomes was verified by an 
increase in size and a shift in zeta potentials from positive to negative side of the pectin 
coated particles. A reproducible method for coating the liposomes was established. Pectin 
coating on the negatively charged liposomes could not be demonstrated as the results were 
inconclusive.  
 
PAPER IV: 
This study examined the in vitro adsorption of uncoated and pectin coated liposomes onto 
human dental enamel in a salivary environment. Firstly, pectin coated liposomes were 
shown to adsorb to HA in phosphate buffer and parotid saliva. LM- and HM-pectin coated 
liposomes were selected for further investigations. As enamel specimens, the enamel 
crowns of extracted molars were used. A new, reproducible method for liposome 
adsorption was developed. In principle, the procedure makes use of a dipping device to 
immerse the enamel specimens in different liposomal suspensions. Uncoated positively 
charged liposomes exhibited the highest adsorption levels to the  enamel specimens, while 
the adsorption of liposomes with a negative surface charge (uncoated and pectin coated) 
could not be discriminated. The adsorption was examined by exposing the enamel surface 
for a flow; simulating the flow rate of stimulated saliva secretion. The results indicated that 
pectin coated liposomes retained better than the uncoated liposomes on the dental enamel. 
This support the hypothesis that pectin may help to prolong the adhesion of liposomes on 
the tooth surfaces. 
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4. GENERAL EXPERIMENTAL CONSIDERATIONS 
 
4.1. Materials 
 
4.1.1. Lipids  
A general structure of a phospholipid is illustrated in Fig. 5. All lipids used in the 
studies in this thesis are listed in Table 1 together with their molecular structure and some 
of the important properties. The lipids were used without further purification.  
 
 
 
Fig. 5: General structure of a phospholipid. 
 
 
 
Table 1: The chain length, molecular weight (Mw), main phase transition temperature (Tc), type of charge 
together with the molecular structure of the lipids used in this thesis. The data are taken from Cevc 96 or from 
www.avantilipids.com. a Adapted from www.avantilipids.com. b Fluorescent lipid; fatty acid labeled. 
*)Structure of predominant species. n.a.: Data not available 
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TYPE OF 
LIPID 
CHAIN 
LENGTH 
Mw 
(Da) 
Tc 
(°C) 
TYPE OF 
CHARGE 
MOLECULAR STRUCTURE a PAPER 
MAIN LIPIDS 
DMPC C14 678 23 Neutral 
 
I 
DPPC C16 734 41.5 Neutral 
 
I, II, III, 
IV 
Egg-PC C16-C22 ~770 -10 Neutral 
*)  
I 
CHARGED LIPIDS 
DM-ethylPC C14 742 23.6 Positive 
 
I 
DMPA C14 615 50 Negative 
 
I 
DMPG C14 689 23 Negative 
 
I 
DMPS C14 702 35 Negative 
 
I 
DMTAP C14 590 24.5 Positive 
 
I 
DOPS C18 810 -11 Negative 
 
I 
DOTAP C18 699 -12 Positive 
 
I 
DP-ethylPC C16 799 42 Positive 
 
I 
DPPA C16 671 67 Negative 
 
I, II, IV 
DPPG C16 745 41 Negative 
 
I, II, III 
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(Continued) 
TYPE OF 
LIPID 
CHAIN 
LENGTH 
Mw 
(Da) 
Tc 
(°C) 
TYPE OF 
CHARGE 
MOLECULAR STRUCTURE a PAPER 
CHARGED LIPIDS 
DPPS C16 758 54 Negative 
 
I, II 
DPTAP C16 646 44.5 Positive 
 
I, II, III, 
IV 
Egg-PA C16-C22 ~706 18 Negative *)
 
I 
Egg-PG C16-C22 ~782 < 0 Negative *)
 
I 
PI; from 
wheat germ 
C16-C18  ~856 n.a. Negative 
 
II 
OTHER LIPIDS 
Cholesterol; 
from porcine 
liver 
Sterol 387 n.a. Neutral 
 
I 
NBD-PC b C18 and C6 798 n.a. Neutral 
 
II, IV 
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4.1.2. Pectin 
Pectin is a complex plant polysaccharide where the dominant feature is composed 
of galacturonic acid residues. pKa of pectin is in the range 2.9-3.3 97. The acid groups of 
the galacturonic units can be methoxylated or/and amidated in varying degree, giving rise 
to different types of pectin with different properties. For the surface modification of 
liposomes, three commercial types of pectin were employed (Paper III and IV): high-
methoxylated (HM), low-methoxylated (LM) and amidated (AM) pectin, all of which were 
mainly derived from citrus peel (Fig. 6). The degree of esterification of LM-pectin is 34.8 % 
and of HM-pectin 70.2 %. Having the highest level of carboxylic acid in the structure, LM-
pectin is the most acidic type of pectin among the three types of pectin examined. HM-
pectin is highly substituted with methoxy groups (-OCH3) imparting a more hydrophobic 
structure than LM pectin. Due to the natural origin of pectin, batch-to-batch variation is 
high 98. All the three types of pectin were purified by dialysis with molecular weight cut 
off 8000 Da, followed by characterization of the average molecular weight prior to use. 
Pectin solutions 0.05 and 0.2 %  (w/w) in 5 mM phosphate buffer, pH 7 ± 0.1, were 
prepared for coating onto liposomes. 
    
 
Fig. 6: A schematic illustration of the fundamental unit of the three types of pectin used 
(From Paper III). 
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4.2. Methods 
 
4.2.1.  Preparation and characterization of liposomes 
Liposomes were prepared according to a standard thin film method 99, followed by 
extrusion through double 200 nm membranes to get unilamellar vesicles with the 
appropriate particle size (Paper I-IV). All liposomes were prepared in phosphate buffer 
medium. To surface modify the liposomes by pectin, liposomes were added to purified 
pectin solutions in a controllable manner by means of a peristaltic pump to avoid 
aggregation and ensure reproducible results (Paper III).  
Particle size determinations and zeta potential measurements are two techniques 
routinely used in the physical characterization of liposomes 86. In the present work, these 
methods have been used:  
 
 As a standard protocol to ensure that the preparation of liposomes has been 
successful; both in-process and final product control (Paper I-IV). 
 To examine changes in the liposomal system (e.g. fusion or aggregation of the 
liposomes) during the stability study (Paper I). 
 To verify changes when coating the liposomes with pectin (Paper III). 
 
The mean hydrodynamic diameter of the nanoparticles was determined by means of 
dynamic light scattering (DLS) technique (a Zetasizer 1000 and a Coulter N4 Particle 
sizer), and the surface potential by microelectrophoresis. Calculation parameters for water 
were used, and the measurements were performed at 25°C. All samples were diluted with 
phosphate buffer to an appropriate counting rate prior to analysis. To avoid sample dilution 
before the measurements, the size determinations of pectin coated liposomes were 
performed by use of an additional instrument; an ALV-goniometer (Paper III). This 
instrument is also capable of yielding β-values which is a measure of the width of the 
distribution of the relaxation times in the correlation function. β-values close to 1 indicates 
relatively monodisperse samples (non-aggregated particles). This information was useful in 
the verification of pectin coating on the liposomes.  
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4.2.2. Interactions between liposomes and saliva 
Pure parotid saliva is the most readily obtained among the three main glandular 
secretions when considering sample collection techniques. The serous nature of parotid 
saliva makes it also easier to deal with in experiments. Parotid saliva is always 
supersaturated with respect to enamel hydroxyapatite; average calcium and phosphate 
concentration is 0.9 mmol/l and 3.5 mmol/l, respectively 17, 100. Statherin and acidic PRPs 
constitute the major protein fractions of parotid saliva 101, 102. Prior to use, parotid saliva 
was filtered 0.45µm with PVDF membranes (Millex-HV Durapore®) due to low protein 
binding capacity (Paper II and IV).  
In order to minimize salivary variables, the saliva collection conditions were 
standardized. Acid is the most potent stimulus for salivary secretion, especially parotid 
saliva 17. Sour candies, containing both citric and malic acid, were intensively sucked to 
stimulate secretion in the studies (Paper II and IV). The same type of sour candies was 
used in all studies in an attempt to standardize the flow rate and thus the salivary 
composition. However, the flow rate and the composition of saliva exhibit circadian 
rhythm. Protein concentrations peak in the late afternoon, while sodium and chloride levels 
peak in the morning 38, 103. It was difficult to perform the collection of saliva at a certain 
time of the day due to many samples and parallels in the experiments. To overcome this 
potential variation in the results, the parallels of each sample were collected at different 
time of the day to achieve representative averages, and all samples were randomized to 
avoid biased results. One healthy female donor contributed to the collection of saliva. 
Rykke et al. have demonstrated that the amino acid composition of the acquired pellicle 
formed over 2h was very consistent both inter- and intraindividually 52. 
Saliva is sterile until it enters the oral cavity where it is continuously contaminated 
with oral microorganisms, desquamated epithelial cells, food remnants or other elements 
present in the oral cavity. In order to obtain pure parotid saliva, an individually fitted 
appliance was made to collect saliva directly from the parotid gland into test tubes (Fig. 7). 
To further avoid contamination, the first 1-2 ml of collected saliva was discarded. After 
filtration, parotid saliva was used immediately. The importance of using freshly collected 
saliva was two-fold: 1) To avoid exposure to the atmosphere as CO2 will be released and 
saliva pH will artificially be elevated. 2) To reduce the continuous aggregation of the 
micelle-like globules in the samples prior to use 59.  
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 Fig. 7: The saliva collection device. 
 
The effect of adding liposomal formulations or pectin solutions to parotid saliva 
was studied by turbidimetry with the aid of a spectrophotometer (Paper II and IV). These 
experiments were carried out to examine the aggregation behavior of both uncoated and 
pectin coated liposomes in parotid saliva. The turbidity was followed at 700 nm. 
Preliminary experiments showed low adsorption at this wavelength. Because the liposomes 
contained fluorescent lipids, a high wavelength was also found favorable to avoid any 
interference. The same wavelength has been employed by Young et al. in the 
spectrophotometric analyses of bacterial strains in saliva 104.  
The interactions between uncoated liposomes and salivary components (Paper II), 
and liposomes and the three types of pectin (Paper III) were visualized by the aid of atomic 
force microscopy (AFM). Some problems are related to the AFM technique. The problems 
are associated with the preparation of the specimens: the requirement of very low sample 
concentration, the removal of excess liquid by filter paper can give rise to different 
thickness of the sample layer, problems with liposomal stability because of air drying, and 
the random images produced are inherent in the method. For interpretations of the AFM 
images, it is necessary to have these potential problems in mind. Nevertheless, 
representative AFM images can give an impression of the situation in the samples and may 
provide supportive evidence to confirm a hypothesis.  
 
4.2.3. Bioadhesion of liposomes to hydroxyapatite and dental enamel 
 
The surface properties of synthetic HA as well as the dental enamel are highly 
dependent on the surrounding environment 8. Initially, phosphate buffer, pH 6.8-7, was 
used to have a controlled environment so that the mechanisms behind an interaction could 
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be better understood (Paper I). In the next step of the investigations, it was desirable to 
mimic the realistic conditions of the interaction. To simulate oral-like conditions, freshly 
collected parotid saliva was therefore employed (Paper II and IV). 
HA powder is an easily supplied product and was used as a model substance for the 
human dental enamel in the initial experiments. In Paper I, HA powder was suspended in 5 
mM phosphate buffer, pH 6.8 ± 0.1, stirred over night for hydration, before the adsorption 
experiments. In Paper II and IV, HA was first suspended in water for magnetic stirring 
overnight, evaporated to dryness and then used in the adsorption experiments. Since 
parotid saliva was used as adsorption medium and the volume of each sample was reduced 
in these studies, this pretreatment of HA was necessary in order to obtain about the same 
surface area of HA as in the previous study.   
The adsorption of liposomes to HA was conducted either by adding HA suspended 
in phosphate buffer to liposomes (Paper I), or by adding liposomes to pretreated HA 
suspended in parotid saliva in test tubes (Paper II and IV). The procedure was changed in 
the latter experiments due to the reduced volume and instant use of parotid saliva. 
Corresponding references were prepared similarly without containing HA. Each tube was 
whirlmixed shortly and placed on a rotator to ensure homogenous mixing (20 rpm, 35°C) 
for five minutes. To check if the time for liposome adsorption onto HA was appropriately 
chosen, varying time intervals for the adsorption were tested in a salivary environment at 
35°C (Fig. 8). 
 
 
Fig. 8: Adsorption isotherm (20 rpm, 35°C) for charged liposomes to HA in a salivary environment. The 
black arrow denotes the five-minutes-point on the curves. (-■-) Positively charged liposomes: DPPC/10% 
DPTAP. (-♦-) Negatively charged liposomes: DPPC/2.5% DPPA. 
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The curve for both positively and negatively charged liposomes increased only slightly 
with increasing time. This shows that interactions between liposomes and HA occurs fast, 
and that five minutes is a sufficient time for liposome adsorption onto HA in a salivary 
environment. The continuous aggregation of micelle-like globules in collected saliva 59 
may interfere with the in vitro adsorption process. To reduce these potential problems, a 
short adsorption time was therefore preferable.  
After the adsorption to HA, the test tubes were centrifuged, the supernatants were 
transferred to glass vials and subjected to lipid quantification. Lipid quantification was 
performed by high-performance thin layer chromatography (HPTLC) analysis (Paper I) or 
by fluorescence spectroscopy (Paper II and IV). In the HPTLC-analysis, the supernatants 
were freeze dried and the residues dissolved in chloroform before they were applied on 
silica plates. Without elution, the silica plates were immersed in a detection reagent, cupric 
sulfate – phosphoric acid solution, dried and heated to develop the applied phospholipid 
bands. The mechanism behind this reaction is not clear, however, cupric sulfate tend to 
char the phospholipids, leaving stained bands on the silica plates for scanning by 
densitometry 105. The amount of liposomes adsorbed to HA was calculated as the 
difference between the area under the curve of the sample and the corresponding reference 
in percent. 
To be able to quantify liposomes by fluorescence spectroscopy, 1 mol% of the fatty 
acid labeled fluorescent lipid, NBD-PC, was incorporated in the liposomes investigated 
(Paper II and IV). The excitation wavelength of NBD-PC is 460 nm and the emission 
wavelength 534 nm. From each supernatant, samples were transferred to a microtiter plate 
and the fluorescence was measured in a plate reader. A non-ionic surfactant, Triton X-100, 
was used to induce the disintegration of the liposomes to improve the fluorescence 
detection. The amount of liposomes adsorbed to HA was calculated as the difference 
between the amount of fluorescence detected in the sample and the corresponding 
reference in percent. 
Although synthetic HA has the same surface characteristics as the dental enamel, 
the powder form is not ideal to mimic the adsorption area of the enamel. The enamel 
crown of extracted human molars was therefore collected to obtain a more realistic surface 
for adsorption in Paper IV (Fig. 9). 
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Fig. 9: The roots of molars were cut off at the cemento-enamel junction using a carborundum disc. These 
enamel crowns were used as enamel specimens in Paper IV. 
 
With the use of enamel specimens, it was no longer possible to perform the adsorption in 
test tubes and it was necessary to change the experimental set-up (Fig. 10). A new 
adsorption method was developed (Paper IV). This method involved dipping the enamel 
specimens in liposomal solutions applied in a flat-bottomed cell culture plate. To obtain a 
reproducible dipping technique, an immersion device was utilized (Fig. 10). The dipping 
procedure was standardized by the following steps for each plate:  
1) Equilibration of four enamel specimens in parotid saliva for five minutes.  
2) Incubation of three enamel specimens in liposome sample (containing the 
fluorescent lipid NBD-PC) and one enamel specimen in phosphate buffer (control) 
for five minutes. 
3) Washing all four enamel specimens by quick dipping in phosphate buffer. 
4) Incubation in 2% (w/v)Triton X-100 of all four specimens for two minutes to 
solubilize the adsorbed liposomes for detection by fluorescence spectroscopy.   
The amount of liposomes that have been adsorbed on the dental enamel is reflected by the  
fluorescence intensity detected in Triton X-100 solutions. The average fluorescence 
intensity for the three enamel specimens was calculated to obtain one representative value. 
Three plates were assayed for each type of liposomal formulation. A final average was 
calculated based on the three representative averages of each plate (n = 3).  
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Fig. 10: The experimental set-up for the adsorption of liposomes to human dental enamel. The enamel 
specimens are attached to the clamping element of the immersion device. On the left: detail of the immersion 
of enamel specimens in sample solutions (top) and a representative enamel specimen (bottom). 
 
To examine the duration of the liposome adhesion onto enamel surfaces, the enamel 
specimens were exposed to a flow after step 3 of the dipping procedure. A new 
experimental set-up was developed for this purpose (Paper IV). The enamel specimens 
were placed inside the syringes and a tubing pump was employed to generate flow of 
phosphate buffer (Fig. 11).  
 
Fig. 11: The experimental set-up to investigate the retention of liposomes to human dental enamel. The flow 
rate used was 2 ml/min. 
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After exposing to a flow rate of 2 ml/min for certain time intervals (5, 20 and 60 minutes), 
the enamel specimens were transferred back to the dipping system to execute step 4 of the 
dipping procedure. The test was not continuous and the whole procedure was repeated for 
each time point. The amount of liposomes that remained adsorbed on the dental enamel 
after a certain time is reflected by the fluorescence intensity detected in Triton X-100 
solutions (step 4). The average fluorescence intensity for each plate at each time point was 
calculated in % relative to the intensity detected at time point 0, for that appropriate 
liposomal formulation. The time point 0 (= 100%) was where the dipping procedure was 
executed without any exposure to  flow. 
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5. DISCUSSION OF RESULTS 
 
5.1. Formulation of liposomes 
To share the physicochemical properties of the enamel pellicle, the size of all 
liposomes have been tentatively prepared to be in the same size range as the salivary 
micelle-like globules (100-500 nm 59). The mean particle size of uncoated liposomes have 
been measured to be in the range 90-180 nm (Paper I, II, IV), while that of pectin coated 
liposomes in the range 220-600 nm (Paper III and IV).  
In the present thesis, 32 different liposomal formulations were investigated. The 
lipid composition was varied to yield different surface properties of the liposomes. Both 
positively and negatively charged liposomes were investigated for the potential adsorption 
onto dental enamel (Paper I, II and IV). This was based on the known adsorption of both 
type of charged proteins onto the enamel in the formation of the acquired enamel pellicle 53, 
106. The interest of using both types of charged liposomes for the adsorption to the dental 
enamel was also due to their potential as drug carriers. Several active substances for use in 
the oral cavity are charged. Potential examples are chlorhexidine which is a cationic 
bactericide 107 and fluoride which is an anionic anticaries agent 16. Incorporation of cationic 
or anionic lipids in the liposome formulations are expected to improve entrapment 
efficiency of drugs and other substances which are of opposite charge. A wider range of 
active substances can then be entrapped in the liposomes; offering liposomes greater 
possibilities as drug delivery systems.  
In addition, since the in vitro cellular toxicity of positively charged liposomes on 
human buccal cells are higher than the negatively charged liposomes 108, a new formulation 
was added to the study namely pectin coated liposomes. A polymer coating around the 
liposomes would shield the positive charge at the surface and, thus, reduces the problem 
associated with the positively charged liposomes (Fig. 12). This would also still maintain 
the possibility of entrapping active substances of both type of charge. The chosen polymer 
in the present investigations was pectin (Paper III and IV). 
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Fig. 12: A schematic illustration of pectin coating on positively charged liposomes. 
 
 
Pectin is negatively charged at neutral pH due to the carboxylic acid groups in the 
galacturonic residues of the pectin chain. This feature of pectin enables the surface coating 
of positively charged particles, such as liposomes, by ionic interactions. Pectin is a 
substance generally recognized as safe (GRAS) by the American Food and Drug 
Administration (FDA), and was chosen based on its long and safe history in the food 
industry as a gelling agent or as a stabilizer 97, and its mucoadhesive properties in drug 
delivery systems 98. Although pectin has been mostly studied in systemic drug delivery 
systems, this polymer may as well be promising in the construct of drug carriers for the 
local use in the oral cavity 109. Pectin coating on liposomes is advantageous as it may also 
improve the stability of liposomes in vitro as well as in vivo. Liposomes are physical 
unstable in dried conditions 110, 111. Since the purpose of using liposomes may be to 
ameliorate xerostomic symptoms of the oral cavity, the liposomes may need to be 
protected against dehydration.  
Three types of pectin, LM-, HM- and amidated pectin, were investigated for the 
surface coating of liposomes (Paper III). The pectin coating on positively charged 
liposomes was verified by an increase in size (from diameter about 200 nm to 220-550 nm) 
and a shift in the zeta potentials from positive to negative charge. From the DLS 
measurements, the β-values for the pectin coated liposomes (0.92-0.97) were very close to 
the β-values of the uncoated liposomes (0.98-1.00). The fact that the β-values for the pectin 
coated liposomes were so high, suggests that the increase in particle size after adding 
positively charged liposomes to pectin is not due to the clustering of particles, since large 
aggregates typically have a much broader distribution. Thus, it was believed that the 
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positively charged liposomes can individually adsorb polymer chains at their bilayer 
surface and that there is a low degree of particle aggregation. In contrast, it was difficult to 
verify complete coating of the negatively charged liposomes as the results were 
inconclusive (Paper III). Positively charged liposomes coated with HM-pectin (both 
concentrations) gave the largest pectin coated particles and the least negative zeta potential 
values (Fig. 13). HM-pectin coated liposomes may be preferred for a physical protection of 
teeth because of their large particle size. Less negative charge on the surface may help to 
minimize repulsive forces at the liposome-enamel interface.  
 
Fig. 13: The mean particle size (diameter) of the three types of pectin coated liposomes. Two concentrations 
of pectin (0.05 and 0.2 w/w %) were used to coat the positively charged liposomes (3mM DPPC/10 mol% 
DPTAP). The average zeta potential of each formulation is indicated above the bar. 
 
High and low pectin concentration in the formulation did not reveal any differences in the 
zeta potentials for the respective pectin type (Fig. 13). This indicated that 0.05 % is a 
sufficient concentration to completely coat around the liposomes.  
In order to manufacture a pharmaceutical product, the drug and the dosage form 
must express a sufficient shelf-life, thus, stability studies are required. Liposomal 
formulations are not an exception 112. DPPC- and DMPC liposomes with 2.5 or 10 mol% 
charged lipid included were examined for their in vitro stability in phosphate buffer, pH 
6.8-7 (Paper I). The particle size and zeta potentials of the liposomes were measured at 
specific time points during storage in refrigerator for 37 days. The results indicated that 
DPPC as the main lipid yielded the most physically stable formulations. In a screening 
study of liposomal formulations on buccal cell toxicity, the main lipid DPPC was found 
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less toxic than DMPC 108. The stability data indicated that 10 mol% of positively charged 
liposomes were more stable than 2.5 mol% of the corresponding liposomes (Paper I). Thus, 
among the tested formulations, it appeared that 10 mol% of charged lipid with DPPC as the 
main lipid were the most promising liposomal formulations for further investigations. In 
order to use liposomes or pectin, or a combination of both, in the oral cavity, factors of the 
oral environment that may influence the formulation should be investigated. For example, 
the presence of pectinolytic enzymes in the oral cavity that can lead to unfavorable 
degradation of pectin 97, or potential interactions with components of saliva. 
 
5.2. Interaction studies of liposomes and saliva 
The oral surfaces are constantly exposed to salivary secretions. Foreign agents that 
enter the oral cavity are also introduced to saliva for the subsequent distribution in the oral 
cavity. As saliva is the main oral transport medium, there is a possibility that liposomes 
introduced to the oral cavity will interact with saliva. To investigate how saliva will affect 
the in vivo performance of liposomes, turbidimetric measurements of the mixtures 
liposomes-parotid saliva over time were performed (Paper II and Paper IV). These 
investigations included both uncoated liposomes and pectin coated liposomes. The anionic 
lipids DPPA, DPPG, DPPS and PI and the cationic DPTAP (10 mol % of each charged 
lipid) were included in the uncoated liposomes (Paper II). 
Saliva contains both charged organic components and electrolytes, enabling 
electrostatic interactions with oppositely charged liposomes. Salivary micelle-like globules, 
100-500 nm in size, carry a net negative surface charge 59, 62, 113 and are capable to interact 
with the positively charged DPPC/DPTAP liposomes. Very turbid samples of the mixture 
DPPC/DPTAP liposomes-parotid saliva supported a strong interaction between the 
liposomes and components of saliva, and the formation of large aggregates (Paper II). 
Rykke et al. have reported a size increase of the globular structures with increasing time 59. 
This supported the observation of an abrupt fall in the turbidity of this mixture after about 
30 minutes (Fig. 14). The aggregates grew in size and became so large that they 
sedimented leading to phase separation of the mixture. 
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Fig. 14: A schematic illustration of the interactions between uncoated, charged liposomes and components of 
parotid saliva.  
 
In the case of negatively charged liposomes, the turbidity of the mixtures  
DPPC/DPPA liposomes-parotid saliva remained low, whereas for the mixtures 
DPPC/DPPG liposomes-parotid saliva turbid samples were observed (Fig. 14). For the 
mixtures DPPC/PI liposomes-parotid saliva and DPPC/DPPS liposomes-parotid saliva the 
turbidities remained quite low with values of τ ~ 0.3 and 0.5, respectively. Since the high 
level of turbidity of DPPC/DPPG liposomes was kept relatively constant during the 
measuring time, it was thought that calcium ions from saliva may be involved in this 
interaction. To confirm this, pyrophosphate (PP), which is a calcium sequestering agent, 
was added to the mixtures liposomes-parotid saliva. The addition of PP immediately 
cleared the mixture DPPC/DPPG liposomes-parotid saliva, and the turbidity of the sample 
fell almost to the control level (Fig. 15). In contrast, this phenomenon did not happen to the 
mixtures DPPC/DPPA liposomes-parotid saliva (Fig. 15). This mixture exhibited an initial 
very low turbidity, and the addition of PP did only render a minor effect. Thus, the most 
pronounced effect following the PP treatment among the negatively charged liposomes 
tested was in the order: DPPG > DPPS > PI/DPPA. It seemed therefore that the affinity to 
calcium ions is dependent on the nature of the negatively charged group. In the case of the 
mixtures DPPC/DPTAP liposomes-parotid saliva, the addition of PP did cause a small 
reduction in turbidity. This observation was thought to be due to the presence of calcium 
inherent in the salivary micelle-like structures. Rykke et al. has reported that calcium is 
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important for the maintenance of the micellar globules 59, and the effect of PP was assumed 
to be caused by some degree of sequestration of the bound calcium of these structures. 
 
 
 
Fig. 15: The effect of PP addition (after time point 15 minutes) on the turbidity of the different mixtures of 
liposomes-parotid saliva. 
 
The aggregates formed in the DPPC/DPTAP-parotid saliva mixtures are probably so large 
and dense that it was difficult for PP to penetrate and reach into the bound calcium of the 
micellar globules. Therefore, complete disintegration of the aggregates did not happen and 
only a minor drop in turbidity was observed after PP treatment. 
The turbidity of the mixtures pectin coated liposomes-parotid saliva, and pure 
pectin solutions-parotid saliva was also examined in order to confirm the compatibility of 
pectin coated liposomes with saliva (Paper IV). No changes were observed for the mixtures, 
indicating no aggregation tendencies of pectin coated liposomes and parotid saliva. 
It might seem like the positively charged liposomes (DPPC/DPTAP) are not 
favorable for use in the oral cavity due to aggregation reaction with salivary components. 
The formation of large aggregates may also cause too rapid clearance of the liposomes 
from the oral cavity. However, this disadvantage with positively charged liposomes is 
generalized, because only one type of cationic lipid, DPTAP, was induced in the liposomal 
formulations in these experiments. The nature of the charged lipid seemed to influence the 
surface properties of the negatively charged liposomes and, thus, the interaction 
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mechanisms. Hence, several types of cationic lipids should also be included in the 
liposomal formulations for interactions studies with saliva in order to strengthen this 
hypothesis. At this point, negatively charged DPPC/DPPA liposomes or positively charged 
liposomes coated with pectin seemed to be the most promising liposomal formulations as 
they are least likely to react with saliva.  
 
5.3. Bioadhesion of liposomes to hydroxyapatite and dental enamel 
The use of synthetic hydroxyapatite (HA) as an analogue for the dental enamel in 
adsorption studies is commonly employed 114, 115. In the present papers (Paper I, II and IV), 
HA has been used in the initial experiments to screen potential liposomal formulations for 
the adsorption onto the dental enamel.  
The surface charge, size, phase transition temperature and bilayer stability of 
liposomes are all dependent on the lipid composition 116. In order to formulate liposomes 
that adsorb to HA, screening of various formulation factors for their influence on the 
interaction between liposomes and HA were therefore initially investigated. The type of 
surface charge, the type of main phospholipid, the type and amount of charged lipid, and 
the inclusion of cholesterol in the liposomal formulation were variables examined (Paper I). 
Two significant factors were revealed by multivariate analysis: the “type of charge” and 
the interaction “main lipid x type of charge”. It was not surprising that the “type of charge” 
of the liposomes was important for the adsorption onto HA. Synthetic HA as well as 
human dental enamel express negative surface charge at neutral pH due to phosphate 
groups 7, allowing for electrostatic interactions. Thus, there is a strong attractive force 
towards positively charged species. This was confirmed in Paper I with a high level of 
adsorption onto HA for the positively charged liposomes (10 mol% -TAP as charged lipid). 
The type of main lipid played a role when positively charged liposomes adsorbed onto HA. 
Paper I showed that for positively charged liposomes, the main lipid DPPC adsorbed better 
to HA than DMPC, suggesting the use of positively charged DPPC-liposomes for further 
investigations. Moreover, DPPC is a gel state phospholipid (phase transition temperature 
(Tc) 41.5°C 96) and is rigid at body temperature, while in the same conditions DMPC is a 
fluid phase phospholipid (Tc 23.5°C 96). Szoka et al. have shown that the flexibility of the 
liposomes is important for the interaction with eukaryotic cells having a negative surface 
charge, and that solid vesicles adsorb to a greater extent than fluid vesicles. This study 
supports the choice on DPPC-liposomes. 
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The surface of HA possess amphoteric features in that calcium ions are also present 
at the surface (approximately 10%) 6. This means that negatively charged species can also 
be attracted to HA. The adsorption of the negatively charged liposomes (2.5 and 10 mol% 
of –PG, –PA and –PS as charged lipids, respectively, Paper I) and pectin coated liposomes 
(Paper IV) onto HA was also demonstrated, however, these levels were quite low.  
The surface properties of HA, and hence the interaction process, are highly 
dependent on the surrounding environment. The adsorption studies of charged liposomes in 
Paper I and in the initial experiments in Paper IV were performed in phosphate buffer, pH 
6.8-7. It has been demonstrated in in vitro as well as in vivo studies that most pellicle 
precursor proteins carry a net negative charge, such as acidic PRPs and statherin 55, 117, 118. 
Moreover, the early bacterial colonizers on the enamel surface possess a negative surface 
charge 119. Thus, in the in vivo conditions of the oral cavity, negatively charged species 
have also high affinity to the dental enamel. Based on this theory, it was hypothesized that 
negatively charged liposomes adsorb better in the oral fluid of saliva than in phosphate 
buffer. This prompted to change the adsorption medium; phosphate buffer was replaced by 
freshly collected parotid saliva (Paper II and IV).  
Young et al. have investigated the surface potential of human enamel and HA 
particles suspended in different buffers120. Human enamel and HA particles exhibited an 
overall net negative zeta potential, -17 to -30 mV. Among the tested media, phosphate 
buffer, pH 7.7-7.9, rendered the most negative surface potentials for both enamel and HA 
particles. The particles exhibited less negative zeta potential following incubation in saliva; 
-8 to -14 mV. Apart from pH, both calcium and phosphate ions have shown to be potential-
determining factors for the enamel surface; presence of calcium ions makes the zeta 
potential more positive and phosphate ions makes it more negative 7, 8. Young et al. 
proposed that the high content of calcium in saliva mediates to the adsorption of salivary 
proteins 40, thus, leading to the less negative surface potential of the enamel and HA 
particles observed in the salivary environment. The calcium ions in saliva partly lowered 
the negative surface potentials of the enamel/HA, and partly acted as a bridge between 
negatively charged groups.  
When it comes to the liposomes, the presence of calcium ions in saliva may 
promote the adsorption of negatively charged liposomes onto HA by a reduction in the 
electrostatic repulsion as proposed by Young et al. In phosphate buffer, the phosphate 
groups may contribute to a more negative enamel surface and, conversely, increase the 
repulsion towards the negatively charged liposomes. These mechanism are summarized in 
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Fig. 16. Paper II and IV demonstrated the adsorption of uncoated liposomes (DPPC/DPPA) 
and pectin coated liposomes (LM-and HM-pectin), all with negative surface charge, onto 
HA in parotid saliva, supporting the present hypothesis. Thus, it can be summarized that 
the adsorption of liposomes onto HA is driven by the subtle balance between attractive and 
repulsive forces, and is highly influenced by the surrounding environment (pH and the 
presence of electrolytes).  
 
  
 
Fig. 16: The adsorption of charged liposomes on the enamel surfaces in phosphate buffer compared to that in 
saliva. 
 
In Paper I, it was shown that positively charged liposomes adsorbed better than 
negatively charged liposomes to HA in phosphate buffer. The same result was obtained 
with the dental enamel in a salivary environment (Paper IV). This confirms that the type of 
surface charge on the liposomes play the primary role for the immediate attachment of 
liposomes onto enamel surfaces, independent of the surrounding environment. The 
liposomal formulations selected for the adsorption onto the dental enamel, both uncoated 
and pectin coated liposomes, have been shown to adsorb to HA in a salivary environment 
(Paper II and IV). Pectin has high affinity to calcium ions 121. The presence of these cations 
in saliva was therefore thought to be involved in the immediate attachment of pectin coated 
liposomes to HA. The adsorption of pectin coated liposomes to HA in phosphate buffer, 
pH 6.8, showed that liposomes coated with LM- and HM-pectin exhibited slightly higher 
adsorption levels than liposomes coated with AM-pectin (Paper IV). This suggests that the 
affinity to HA may be affected by amide groups in the pectin structure. From the 
formulation work with pectin coated liposomes (Paper III), 0.05 % (w/w) pectin was found 
to be sufficient to completely coat around the liposomes. Based on these results, 0.05 % 
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LM- and 0.05 % HM-pectin coated liposomes were therefore selected for the adsorption to 
the dental enamel.  
Before the adsorption experiments with the dental enamel, the enamel specimens 
were pre-incubated in parotid saliva (Paper IV). The results indicated that the adsorption of 
liposomes onto the dental enamel was unaffected by the presence of a pellicle layer on the 
enamel surface. This is important in the in vivo conditions, suggesting that liposomes are 
able to adsorb to tooth surfaces covered or partly covered with the acquired enamel pellicle. 
Milk contains casein molecules (phosphoproteins) that are able to form spherical 
complexes with calcium phosphate termed casein micelles 122. These casein micelles 
structurally resemble the micelle-like globules in saliva. Devold et al. has studied the in 
vitro adsorption of milk proteins onto tooth enamel 123. They found that enamel specimens 
pre-incubated in whole saliva did not inhibit or affect the formation of  a “milk pellicle” on 
the enamel surface, and concluded that in vivo adsorption of milk proteins may occur on 
tooth surfaces in the oral cavity. This study supports the findings in Paper IV. Moreover, 
the adsorption of certain milk proteins have shown to inhibit the adhesion of cariogenic 
bacteria to HA 124. Similarly, the idea of an adsorbed layer of liposomes on the tooth 
surface could potentially interfere with the initial bacterial adhesion of plaque formation, 
and thereby hamper the development of dental caries. The inhibitory effect of liposomal 
formulations on the adhesion of cariogenic bacteria on dental enamel remains to be further 
investigated. 
Considerable fluctuations in the oral environment, mainly due to the secretion of 
saliva, may lead to rapid clearance of liposomes from the oral cavity. Moreover, movement 
of the oral soft tissues associated with speaking, eating and swallowing may be a problem 
for liposomes to remain in place. Formulation work today often concentrates on the design 
of formulations to increase their retention time at a certain location 125. Delayed clearance 
from the oral cavity is preferable to prolong the effectiveness of the formulation. It was 
hypothesized that pectin coating on liposomes may improve the bioadhesion to teeth and, 
thus, retain liposomes on the teeth for a protective action. Furthermore, this could enhance 
the substantivity and efficacy of therapeutic agents if they were entrapped in the liposomes, 
by decreasing liposomal clearance from the oral cavity. The local concentrations of the 
active substance at site of action may also be increased. 
In Paper IV, pectin coating on liposomes did not render enhanced level of 
adsorption onto the dental enamel. Positively (DPPC/DPTAP) and negatively charged 
(DPPC/DPPA) liposomes were compared against pectin coated liposomes (0.05 % LM-and 
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HM-pectin, respectively) in this experiment. However, when exposed to a dynamic flow (2 
ml/min), pectin coated liposomes seemed to retain better on the enamel surfaces at longer 
time intervals than the uncoated negatively charged liposomes (Fig. 17). The level of 
retention seemed to be even better or comparable to the positively charged liposomes.  
 
 
Fig. 17: Percent liposomes remaining adsorbed to the dental enamel after exposure to a flow rate of 
phosphate buffer 2 ml/min for different liposomal formulations. Positively charged liposomes: 
DPPC/DPTAP; negatively charged liposomes: DPPC/DPPA; LM-pectin coated liposomes: DPPC/DPTAP + 
0.05 % (w/w) LM; HM-pectin coated liposomes: DPPC/DPTAP + 0.05 % (w/w) HM. 
 
This supports the hypothesis that surface modification by pectin on liposomes helps to 
prolong the adsorption of liposomes on enamel surfaces. It was thought that a similar 
mechanism behind mucoadhesion is responsible for this bioadhesivity. The strengthened 
interaction between liposomes and the enamel was thought to be related to the secondary 
bindings of the pectin chains (van der Waals and hydrogen bindings). The adsorption and 
retention of pectin coated liposomes suggest that these formulations are promising for the 
protection of the enamel by a physical approach. 
Recently, Wattanakorn et al. prepared pectin discs for buccal adhesion for the 
treatment of aphtous ulcers in the oral cavity . They concluded that pectin is a potential 
bioadhesive polymer for buccal drug delivery systems. The purpose of the pectin coated 
liposomes in the present thesis is the bioadhesion to teeth. Since pectin is also bioadhesive 
against oral mucosa, this may pose a problem for the specific targeting to teeth. One way to 
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overcome the problem is to develop a dosage form, e.g. varnish or “teeth spray”, that can 
deliver and retain the pectin coated liposomes directly on the enamel surfaces. However, 
the competitive binding between oral mucosa and the dental hard tissues needs to be 
examined to find the proper use of pectin coated liposomes in the oral cavity. 
The strength and duration of the adsorption is an important perspective considering 
the dynamic environment of the oral cavity. As shown in Paper IV, the adsorption of 
liposomes was challenged by imposing a flow, similar to the flow rate of stimulated saliva 
secretion, at the enamel surface. There are other factors associated with the normal 
functions of the oral cavity that may also interfere with the adsorption and retention 
process. The production of acids by plaque bacteria when sugars are consumed may lead to 
local pH changes in the oral cavity. The influence of the surrounding environment on the 
liposomal adsorption has been a thread through this thesis (Paper I, II and IV). Therefore, it 
would be interesting to see the effects of low pH on the adsorption of liposomes to the 
dental enamel. 
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6. CONCLUSIONS 
 
In the present thesis, 32 different liposomal formulations with both positive and 
negative surface charge were investigated. In addition, positively charged liposomes were 
surface modified with the polymer pectin. Three types of pectin were included in the study; 
low methoxylated, high methoxylated and amidated pectin. The β-values from the DLS 
analysis of the pectin coated liposomes revealed the formation of non-aggregated 
nanoparticles. 
The type of surface charge on the liposomes was found to be the most important 
formulation factor for the adsorption onto the model substance hydroxyapatite in 
phosphate buffer, pH 6.8 - 7.0. Positively charged liposomes adsorbed better than 
liposomes with a negative surface charge. Among the pectin coated liposomal formulations 
tested, liposomes coated with 0.05 % (w/w) LM- and HM-pectin, respectively, adsorbed 
best onto hydroxyapatite.  
Uncoated negatively charged liposomes together with pectin coated liposomes did 
not seem to interact with components of parotid saliva. In contrast, positively charged 
liposomes aggregated with salivary components and were therefore found incompatible 
with saliva. 
Pectin coated liposomes and uncoated negatively charged liposomes adsorbed to 
the dental enamel in a salivary environment. Furthermore, pectin coated liposomes retained 
better on the dental enamel on exposure to flow using phosphate buffer. This indicates 
their possible use as bioadhesive liposomes in dental applications.  
The results from the present thesis suggest that uncoated negatively charged 
liposomes (DPPC/10 mol% DPPA) together with positively charged liposomes (DPPC/10 
mol% DPTAP) coated with 0.05 % (w/w) LM- and HM-pectin are the most promising 
liposomal formulations for use in the physical protection of teeth. 
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7. FUTURE PERSPECTIVES 
 
The present thesis has suggested the use of liposomes in the physical protection of human 
teeth by the adsorption to dental hard tissues. To improve and explore their potential use in 
dental applications, future studies are proposed:  
 
 Verify the protection of teeth by inducing challenges, such as acids, on a liposome 
covered enamel surface.  
 
 Investigate the adsorption of liposomes to restorative materials. 
 
 Improve the bioadhesion to teeth by investigating other biopolymers for coating on 
liposomes. For example, chitosan is a cationic polymer and may lead to strong 
electrostatic interactions with the enamel surface. 
 
 Investigate the possibility of chemical protection by encapsulating drugs, such as 
chlorhexidine or fluoride, in the liposomes. Liposomes may act as reservoirs from 
which the active substance is gradually released. 
 
 Investigate the potential of pH-responsive liposomes for use in caries prophylaxis. 
Liposomes may release entrapped fluoride in response to low pH due to the 
production of acids by cariogenic bacteria. 
  
 47 
 
REFERENCES 
1 .  Petersen PE, Bourgeois D, Ogawa H, Estupinan-Day S, Ndiaye C. The global 
burden of oral diseases and risks to oral health. Bulletin of the World Health 
Organization 2005; 83(9): 661-69. 
 
2 .  Berkovitz BKB, Holland GR, Moxham BJ. Oral anatomy, histology and 
embryology. 4th ed: Mosby 2009. 
 
3 .  Ten Cate J. Review on fluoride, with special emphasis on calcium fluoride 
mechanisms in caries prevention. European Journal of Oral Sciences 1997; 105: 
461-65. 
 
4 .  Dawes C. What is the critical pH and why does a tooth dissolve in acid? Journal of 
the Canadian Dental Association 2003; 69(11): 722-24. 
 
5 .  Kibby CL, Hall WK. Surface properties of calcium phosphates. In: Hair ML (ed). 
The chemistry of biosurfaces. New York: Marcel  Dekker Inc.,  1971: 663-729. 
 
6 .  Arends J, Jongebloed W. The enamel substrate-characteristics of the enamel 
surface. Swedish Dental journal 1977; 1(6): 215-24. 
 
7 .  Arends J. Zeta potentials of enamel and apatites J. Arends. Journal of Dentistry 
1979; 7(3): 246-53. 
 
8 .  Yin G, Liu Z, Zhan J, Ding F, Yuan N. Impacts of the surface charge property on 
protein adsorption on hydroxyapatite. Chemical Engineering Journal 2002; 87(2): 
181-86. 
 
9 .  Petersen PE. The World Oral Health Report 2003: continuous improvement of oral 
health in the 21st century – the approach of the WHO Global Oral Health 
Programme. Community Dentistry and Oral Epidemiology 2003; 31: 3-24. 
 
10 .  Hugoson A, Koch G, Helkimo AN, Lundin S-Å. Caries prevalence and distribution 
in individuals aged 3–20 years in Jönköping, Sweden, over a 30 year period (1973–
2003). International Journal of Paediatric Dentistry 2008; 18: 18-26. 
 
11 .  Declerck D, Leroy R, Martens L, Lesaffre E, Garcia Zattera MJ, Broucke SV, 
Debyser M, Hoppenbrouwers K. Factors associated with prevalence and severity of 
caries experience in preschool children. Community Dentistry and Oral 
Epidemiology 2008; 36(2): 168-78. 
 48 
 
 
12 .  Bagramian RA, Garcia-Godoy F, Volpe AR. The global increase in dental caries. A 
pending public health crisis. American journal of dentistry 2009; 21(1): 3-8. 
 
13 .  Lamont RJ, Burne RA, Lantz MS, LeBlanc DJ. Oral microbiology and 
immunology. Washington D.C.: ASM Press, 2006. 
 
14 .  Selwitz RH, Ismail AI, Pitts NB. Dental caries. The Lancet 2007; 369: 51-59. 
 
15 .  Castioni NV, Baehni P, Gurny R. Current status in oral fluoride pharmacokinetics 
and implications for the prophylaxis against dental caries. European journal of 
pharmaceutics and biopharmaceutics 1998; 45(2): 101-11. 
 
16 .  Featherstone J. Delivery challenges for fluoride, chlorhexidine and xylitol. BMC 
Oral Health 2006; 6(Suppl 1): S8. 
 
17 .  Edgar W, O'Mullane D, Dawes C. Saliva and oral health. 3rd ed. London: British 
Dental Association 2004. 
 
18 .  Hara AT, Zero DT. The caries environment: Saliva, pellicle, diet, and hard tissue 
ultrastructure. Dental Clinics of North America 2010; 54(3): 455-67. 
 
19 .  Brosky ME. The role of saliva in oral health: strategies for prevention and 
management of xerostomia. Journal of Supportive Oncology 2007; 5(5): 215-25. 
 
20 .  Guggenheimer J, Moore PA. Xerostomia: etiology, recognition and treatment. The 
Journal of the American Dental Association 2003; 134(1): 61-69. 
 
21 .  Atkinson JC, Grisius M, Massey W. Salivary hypofunction and xerostomia: 
diagnosis and treatment. Dental Clinics of North America 2005; 49(2): 309-26. 
 
22 .  Turner MD, Ship JA. Dry mouth and its effects on the oral health of elderly people. 
The Journal of the American Dental Association 2007; 138: 15S-20S. 
 
23 .  Pickles MJ. Tooth wear. In: Duckworth RM (ed). Monographs in Oral Science. 
Basel: Karger,  2006: 86-104. 
 
24 .  Imfeld T. Dental erosion. Definition, classification and links. European Journal of 
Oral Sciences 1996; 104(2): 151-55. 
 
25 .  Lussi A. Dental erosion: from diagnosis to therapy. Basel: Karger 2006. 
 49 
 
 
26 .  Gregg T, Mace S, West NX, Addy M. A study in vitro of the abrasive effect of the 
tongue on enamel and dentine softened by acid erosion. Caries research 2004; 38: 
557-60. 
 
27 .  Lussi A, Hellwig E, Ganss C, Jaeggi T. Dental Erosion. Operative Dentistry 2009; 
34(3): 251-62. 
 
28 .  Lussi A. Dental erosion—novel remineralizing agents in prevention or repair. 
Advances in Dental Research 2009; 21: 13-16. 
 
29 .  Lussi A, Jaeggi T, Zero DT. The role of diet in the aetiology of dental erosion. 
Caries research 2004; 38(1): 34-44. 
 
30 .  Van't Spijker A, Rodriguez JM, Kreulen CM, Bronkhorst EM, Bartlett DW, 
Creugers NHJ. Prevalence of tooth wear in adults. International Journal of 
Prosthodontics 2009; 22: 35-42. 
 
31 .  Kreulen C, Van’t Spijker A, Rodriguez J, Bronkhorst E, Creugers N, Bartlett D. 
Systematic review of the prevalence of tooth wear in children and adolescents. 
Caries research 2010; 44(2): 151-59. 
 
32 .  Cunha-Cruz J, Pashova H, Packard J, Zhou L, Hilton TJ. Tooth wear: prevalence 
and associated factors in general practice patients. Community Dentistry and Oral 
Epidemiology 2010; 38(3): 228-34. 
 
33 .  Lagerlöf F, Dawes R, Dawes C. Salivary clearance of sugar and its effects on pH 
changes by Streptococcus mitior in an artificial mouth. Journal of dental research 
1984; 63(11): 1266-70. 
 
34 .  Scannapieco FA. The oral environment. In: Lamont RJ, Burne RA, Lantz MS, 
LeBlanc DJ (eds). Oral Microbiology and Immunology. Wahington D.C.: ASM 
Press,  2006: 47-72. 
 
35 .  Aas JA, Paster BJ, Stokes LN, Olsen I, Dewhirst FE. Defining the normal bacterial 
flora of the oral cavity. Journal of clinical Microbiology 2005; 43(11): 5721-32. 
 
36 .  Marsh P. Microbial ecology of dental plaque and its significance in health and 
disease. Advances in Dental Research 1994; 8(2): 263-71. 
 
37 .  Ferguson DB, Shuttleworth A, Whittaker DK. Oral bioscience: Churchill 
Livingstone, 1999. 
 50 
 
 
38 .  Dawes C. Circadian rhythms in human salivary flow rate and composition. The 
Journal of Physiology 1972; 220(3): 529-45. 
 
39 .  Nanci A. Ten Cate's oral histology. 6th ed. St. Louis: Mosby 2003. 
 
40 .  Hay DI, Schluckebier SK, Moreno EC. Equilibrium dialysis and ultrafiltration 
studies of calcium and phosphate binding by human salivary proteins. Implications 
for salivary supersaturation with respect to calcium phosphate salts. Calcified 
Tissue International 1982; 34(6): 531-8. 
 
41 .  Bardow A, Moe D, Nyvad B, Nauntofte B. The buffer capacity and buffer systems 
of human whole saliva measured without loss of CO2. Archives of Oral Biology 
2000; 45(1): 1-12. 
 
42 .  Jenzano JW, Hogan SL, Noyes CM, Featherstone GL, Lundblad RL. Comparison 
of five techniques for the determination of protein content in mixed human saliva. 
Analytical biochemistry 1986; 159(2): 370-76. 
 
43 .  Amerongen AVN, Veerman ECI. Saliva - the defender of the oral cavity. Oral 
diseases 2002; 8(1): 12-22. 
 
44 .  Lamkin MS, Oppenheim FG. Structural features of salivary function. Critical 
Reviews in Oral Biology & Medicine 1993; 4(3): 251-59. 
 
45 .  Gibbons R, Hay D. Human salivary acidic proline-rich proteins and statherin 
promote the attachment of Actinomyces viscosus LY7 to apatitic surfaces. Infection 
and immunity 1988; 56(2): 439-45. 
 
46 .  Levine MJ. Salivary macromolecules. A structure/Function synopsis. Annals of the 
New York Academy of Sciences 1993; 694(1): 11-16. 
 
47 .  Tabak LA. In defense of the oral cavity: structure, biosynthesis, and function of 
salivary mucins. Annual Review of Physiology 1995; 57: 547-64. 
 
48 .  Dawes C, Jenkins GN, Tonge CH. The nomenclature of the integuments of enamel 
surface tooth. British Dental Journal 1963; 115: 65-68. 
 
49 .  Hay DI. The adsorption of salivary proteins by hydroxyapatite and enamel. 
Archives of Oral Biology 1967; 12(8): 937-46. 
 
 51 
 
50 .  Young A, Rykke M, Rolla G. Quantitative and qualitative analyses of human 
salivary micelle-like globules. Acta odontologica Scandinavica 1999; 57(2): 105-
10. 
 
51 .  Lendenmann U, Grogan J, Oppenheim F. Saliva and dental pellicle-a review. 
Advances in Dental Research 2000; 14: 22-28. 
 
52 .  Rykke M, Sönju T, Rölla G. Interindividual and longitudinal studies of amino acid 
composition of pellicle collected in vivo. European Journal of Oral Sciences 1990; 
98(2): 129-34. 
 
53 .  Siqueira WL, Zhang W, Helmerhorst EJ, Gygi SP, Oppenheim FG. Identification 
of protein components in in vivo human acquired enamel pellicle using LC-ESI-
MS/MS. Journal of Proteome Research 2007; 6(6): 2152-60. 
 
54 .  Vitorino R, Calheiros Lobo MJ, Williams J, Ferrer Correia AJ, Tomer KB, Duarte 
JA, Domingues PM, Amado FML. Peptidomic analysis of human acquired enamel 
pellicle. Biomedical Chromatography 2007; 21(11): 1107-17. 
 
55 .  Siqueira WL, Oppenheim FG. Small molecular weight proteins/peptides present in 
the in vivo formed human acquired enamel pellicle. Archives of Oral Biology 2009; 
54(5): 437-44. 
 
56 .  Yao Y, Berg EA, Costello CE, Troxler RF, Oppenheim FG. Identification of 
protein components in human acquired enamel pellicle and whole saliva using 
novel proteomics approaches. Journal of Biological Chemistry 2003; 278(7): 5300-
08. 
 
57 .  Skjorland KK, Rykke M, Sonju T. Rate of pellicle formation in vivo. Acta 
odontologica Scandinavica 1995; 53(6): 358-62. 
 
58 .  Amaechi B, Higham S, Edgar W, Milosevic A. Thickness of acquired salivary 
pellicle as a determinant of the sites of dental erosion. Journal of dental research 
1999; 78(12): 1821-28. 
 
59 .  Rykke M, Smistad G, Roella G, Karlsen J. Micelle-like structures in human saliva. 
Colloids and Surfaces, B: Biointerfaces 1995; 4(1): 33-44. 
 
60 .  Rykke M, Young A, Rolla G, Devold T, Smistad G. Transmission electron 
microscopy of human saliva. Colloids and Surfaces, B: Biointerfaces 1997; 9(5): 
257-67. 
 
 52 
 
61 .  Rolla G, Rykke M. Evidence for presence of micelle-like protein globules in human 
saliva. Colloids and Surfaces B: Biointerfaces 1994; 3(3): 177-82. 
 
62 .  Rykke M, Young A, Smistad G, Roella G, Karlsen J. Zeta potentials of human 
salivary micelle-like particles. Colloids and Surfaces, B: Biointerfaces 1996; 6(1): 
51-6. 
 
63 .  Amerongen A, Bolscher J, Veerman E. Salivary mucins: protective functions in 
relation to their diversity. Glycobiology 1995; 5(8): 733-40. 
 
64 .  Joiner A, Schwarz A, Philpotts CJ, Cox TF, Huber K, Hannig M. The protective 
nature of pellicle towards toothpaste abrasion on enamel and dentine. Journal of 
Dentistry 2008; 36(5): 360-68. 
 
65 .  Hannig M, Balz M. Influence of in vivo formed salivary pellicle on enamel erosion. 
Caries research 2000; 33(5): 372-79. 
 
66 .  Hannig M, Balz M. Protective properties of salivary pellicles from two different 
intraoral sites on enamel erosion. Caries research 2001; 35(2): 142-48. 
 
67 .  Hara A, Ando M, Gonzalez-Cabezas C, Cury J, Serra M, Zero D. Protective effect 
of the dental pellicle against erosive challenges in situ. Journal of dental research 
2006; 85(7): 612-16. 
 
68 .  Hannig M, Joiner A. The structure, function and properties of the acquired pellicle. 
Teeth and Their Environment 2006: 29-64. 
 
69 .  Rolla G, Bonesvoll P, Opermann R. Interactions between oral streptococci and 
salivary proteins. Saliva and dental caries. IRL Press, Oxford, England 1979: 227–
41. 
 
70 .  Scannapieco FA. Saliva-bacterium interactions in oral microbial ecology. Critical 
Reviews in Oral Biology & Medicine 1994; 5(3): 203-48. 
 
71 .  Hannig C, Hannig M. The oral cavity—a key system to understand substratum-
dependent bioadhesion on solid surfaces in man. Clinical oral investigations 2009; 
13(2): 123-39. 
 
72 .  Hannig C, Hannig M, Rehmer O, Braun G, Hellwig E, Al-Ahmad A. Fluorescence 
microscopic visualization and quantification of initial bacterial colonization on 
enamel in situ. Archives of Oral Biology 2007; 52(11): 1048-56. 
 
 53 
 
73 .  García-Godoy F, Hicks MJ. Maintaining the integrity of the enamel surface: the 
role of dental biofilm, saliva and preventive agents in enamel demineralization and 
remineralization. The Journal of the American Dental Association 2008; 139(suppl 
2): 25S-34S. 
 
74 .  Allaker R. The Use of Nanoparticles to Control Oral Biofilm Formation. Journal of 
dental research 2010; 89(11): 1175-86. 
 
75 .  Hannig M, Hannig C. Nanomaterials in preventive dentistry. Nature 
Nanotechnology 2010; 5(8): 565-69. 
 
76 .  Harsanyi B, Hilchie J, Mezei M. Liposomes as drug carriers for oral ulcers. Journal 
of dental research 1986; 65(9): 1133-41. 
 
77 .  Sveinsson SJ, Peter Holbrook W. Oral mucosal adhesive ointment containing 
liposomal corticosteroid. International journal of pharmaceutics 1993; 95(1-3): 
105-09. 
 
78 .  Erjavec V, Pavlica Z, Sentjurc M, Petelin M. In vivo study of liposomes as drug 
carriers to oral mucosa using EPR oximetry. International journal of 
pharmaceutics 2006; 307(1): 1-8. 
 
79 .  Franz-Montan M, Silva ALR, Cogo K, Bergamaschi CC, Volpato MC, Ranali J, de 
Paula E, Groppo FC. Liposome-encapsulated ropivacaine for topical anesthesia of 
human oral mucosa. Anesthesia & Analgesia 2007; 104(6): 1528-31. 
 
80 .  Jones MN, Song YH, Kaszuba M, Reboiras MD. The interaction of phospholipid 
liposomes with bacteria and their use in the delivery of bactericides. Journal of 
drug targeting 1997; 5(1): 25-34. 
 
81 .  Robinson AM, Creeth JE, Jones MN. The specificity and affinity of 
immunoliposome targeting to oral bacteria. Biochimica et Biophysica Acta 1998; 
1369(2): 278-86. 
 
82 .  Catuogno C, Jones MN. The antibacterial properties of solid supported liposomes 
on Streptococcus oralis biofilms. International journal of pharmaceutics 2003; 
257(1-2): 125-40. 
 
83 .  Rathbone MJ, Drummond BK, Tucker IG. The oral cavity as a site for systemic 
drug delivery. Advanced drug delivery reviews 1994; 13(1-2): 1-22. 
 
 54 
 
84 .  Mizrahi B, Domb AJ. Mucoadhesive polymers for delivery of drugs to the oral 
cavity. Recent Patents on Drug Delivery & Formulation 2008; 2(2): 108-19. 
 
85 .  Weatherell JA, Robinson C, Rathbone MJ. Site-specific differences in the salivary 
concentrations of substances in the oral cavity - implications for the aetiology of 
oral disease and local drug delivery. Advanced drug delivery reviews 1994; 13(1-2): 
23-42. 
 
86 .  Crommelin DJA, Schreier H. Liposomes. In: Kreutzer J (ed). Colloidal drug 
delivery systems. New York: Marcel Dekker Inc.,  1994: 73-190. 
 
87 .  Adams D, Joyce G, Richardson V, Ryman BE, Wisniewski H. Liposome toxicity in 
the mouse central nervous system. Journal of the neurological sciences 1977; 31(2): 
173-79. 
 
88 .  Pawar R, Jadhav W, Bhusare S, Borade R, Farber S, Itzkowitz D, Domb A. 
Polysaccharides as carriers of bioactive agents for medical applications. In: Reis 
RL (ed). Natural-based polymers for biomedical applications. Cambridge, UK: 
Woodhead Publishing Ltd.,  2008: 3-53. 
 
89 .  Sato T, Sunamoto J. Recent aspects in the use of liposomes in biotechnology and 
medicine. Progress in lipid research 1992; 31(4): 345-72. 
 
90 .  Letourneur D, Parisel C, Prigent-Richard S, Cansell M. Interactions of 
functionalized dextran-coated liposomes with vascular smooth muscle cells. 
Journal of controlled release 2000; 65(1-2): 83-91. 
 
91 .  Guo J, Ping Q, Jiang G, Huang L, Tong Y. Chitosan-coated liposomes: 
characterization and interaction with leuprolide. International journal of 
pharmaceutics 2003; 260(2): 167-73. 
 
92 .  Shaikh R, Raj Singh TR, Garland MJ, Woolfson AD, Donnelly RF. Mucoadhesive 
drug delivery systems. Journal of Pharmacy & BioAllied Sciences 2011; 3: 89-100. 
 
93 .  Thirawong N, Nunthanid J, Puttipipatkhachorn S, Sriamornsak P. Mucoadhesive 
properties of various pectins on gastrointestinal mucosa: An in vitro evaluation 
using texture analyzer. European journal of pharmaceutics and biopharmaceutics 
2007; 67(1): 132-40. 
 
94 .  Beneke CE, Viljoen AM, Hamman JH. Polymeric plant-derived excipients in drug 
delivery. Molecules 2009; 14(7): 2602-20. 
 
 55 
 
95 .  Thirawong N, Thongborisute J, Takeuchi H, Sriamornsak P. Improved intestinal 
absorption of calcitonin by mucoadhesive delivery of novel pectin-liposome 
nanocomplexes. Journal of controlled release 2008; 125(3): 236-45. 
 
96 .  Cevc G. Phospholipids handbook: Marcel Dekker, Inc., 1993. 
 
97 .  Rolin C. Pectin. In: Whistler RL, Bemiller JN (eds). Industrial gums: 
Polysaccharides and their derivative. 3rd ed. New York: Academic Press,  1993: 
pp 257 -93. 
 
98 .  Sriamornsak P. Application of pectin in oral drug delivery. Expert opinion on drug 
delivery 2011; 8(8): 1009-23. 
 
99 .  Torchilin VP, Weissig V. Liposomes: a practical approach. 2nd ed: Oxford 
University Press, 2003. 
 
100 .  Lagerlof F. Effects of flow rate and pH on calcium phosphate saturation in human 
parotid saliva. Caries research 1983; 17(5): 403-11. 
 
101 .  Bennick A. Salivary proline-rich proteins. Molecular and Cellular Biochemistry 
1982; 45(2): 83-99. 
 
102 .  Hay DI, Moreno EC. Statherin and the acidic proline-rich proteins. In: Tenovuo JO 
(ed). Human saliva: clinical chemistry and microbiology. Boca Raton, Florida: 
CRC Press,  1989: 131-50. 
 
103 .  Ferguson D, Fort A. Circadian Variations in Calcium and Phosphate Secretion from 
Human Parotid and Submandibular Salivary Gland. Caries research 1973; 7(1): 
19-29. 
 
104 .  Young A, Rykke M, Smistad G, Rølla G. On the rôle of human salivary micelle 
like globules in bacterial agglutination. European Journal of Oral Sciences 1997; 
105(5): 485-94. 
 
105 .  Dhanesar S, Peeler T, Engel B. Evaluation of phospholipids in liposomes by 
HPTLC. Journal of planar chromatography 1992; 5: 45-49. 
 
106 .  Kawasaki K, Kambara M, Matsumura H, Norde W. A comparison of the adsorption 
of saliva proteins and some typical proteins onto the surface of hydroxyapatite. 
Colloids and Surfaces B: Biointerfaces 2003; 32(4): 321-34. 
 
 56 
 
107 .  Jones CG. Chlorhexidine: is it still the gold standard? Periodontology 2000 1997; 
15(1): 55-62. 
 
108 .  Smistad G, Jacobsen J, Sande SA. Multivariate toxicity screening of liposomal 
formulations on a human buccal cell line. International journal of pharmaceutics 
2007; 330(1-2): 14-22. 
 
109 .  Norde W. Adsorption of biopolymers and its relevance for particle adhesion: a 
physico-chemical approach. In: Ten Cate JM, Leach SA, Arends J (eds). Bacterial 
adhesion and preventive dentistry. Oxford: IRL Press,  1984. 
 
110 .  Crowe JH, Crowe LM. Factors affecting the stability of dry liposomes. Biochimica 
et Biophysica Acta 1988; 939(2): 327-34. 
 
111 .  Harrigan P, Madden T, Cullis P. Protection of liposomes during dehydration or 
freezing. Chemistry and physics of lipids 1990; 52(2): 139-49. 
 
112 .  Grit M, Crommelin DJA. Chemical stability of liposomes: implications for their 
physical stability. Chemistry and physics of lipids 1993; 64(1-3): 3-18. 
 
113 .  Soares RV, Lin T, Siqueira CC, Bruno LS, Li X, Oppenheim FG, Offner G, Troxler 
RF. Salivary micelles: identification of complexes containing MG2, sIgA, 
lactoferrin, amylase, glycosylated proline-rich protein and lysozyme. Archives of 
Oral Biology 2004; 49(5): 337-43. 
 
114 .  Jensen J, Lamkin M, Oppenheim F. Adsorption of human salivary proteins to 
hydroxyapatite: a comparison between whole saliva and glandular salivary 
secretions. Journal of dental research 1992; 71(9): 1569-76. 
 
115 .  Proctor G, Pramanik R, Carpenter G, Rees G. Salivary proteins interact with dietary 
constituents to modulate tooth staining. Journal of dental research 2005; 84(1): 73-
78. 
 
116 .  Makino K, Shibata A. Surface Properties of Liposomes Depending on Their 
Composition. Advances in Planar Lipid Bilayers and Liposomes 2006; 4: 49-77. 
 
117 .  Gibbons R, Hay D. Adsorbed salivary acidic proline-rich proteins contribute to the 
adhesion of Streptococcus mutans JBP to apatitic surfaces. Journal of dental 
research 1989; 68(9): 1303-07. 
 
 57 
 
118 .  Schwartz SS, Hay DI, Schluckebier SK. Inhibition of calcium phosphate 
precipitation by human salivary statherin: structure-activity relationships. Calcified 
Tissue International 1992; 50(6): 511-17. 
 
119 .  Weerkamp A, Uyen H, Busscher H. Effect of zeta potential and surface energy on 
bacterial adhesion to uncoated and saliva-coated human enamel and dentin. Journal 
of dental research 1988; 67(12): 1483-87. 
 
120 .  Young A, Smistad G, Karlsen J, Rolla G, Rykke M. Zeta potentials of human 
enamel and hydroxyapatite as measured by the Coulter DELSA 440. Advances in 
Dental Research 1997; 11(4): 560-5. 
 
121 .  Thakur BR, Singh RK, Handa AK, Rao DMA. Chemistry and uses of pectin—a 
review. Critical Reviews in Food Science & Nutrition 1997; 37(1): 47-73. 
 
122 .  Holt C. Structure and stability of bovine casein micelles. Advances in protein 
chemistry 1992; 43: 63-151. 
 
123 .  Devold TG, Rykke M, Isabey D, Sorensen ES, Christensen B, Langsrud T, 
Svenning C, Borch-Iohnsen B, Karlsen J, et al. In vitro studies of adsorption of 
milk proteins onto tooth enamel. International Dairy Journal 2006; 16(9): 1013-17. 
 
124 .  Halpin R, O’Connor M, McMahon A, Boughton C, O’Riordan E, O’Sullivan M, 
Brady D. Inhibition of adhesion of Streptococcus mutans to hydroxylapatite by 
commercial dairy powders and individual milk proteins. European Food Research 
and Technology 2008; 227(5): 1499-506. 
 
125 .  Zaman MA, Martin GP, Rees GD. Bioadhesion and retention of non-aqueous 
delivery systems in a dental hard tissue model. Journal of Dentistry 2010; 38(9): 
757-64. 
 
 
 

I

II

III

IV

